Background. Some human immunodeficiency virus (HIV)-infected individuals initiating combination antiretroviral therapy (cART) with low CD4 counts achieve viral suppression but not CD4 cell recovery. We aimed to identify (1) risk factors for failure to achieve CD4 count >200 cells/µL after 3 years of sustained viral suppression and (2) the association of the achieved CD4 count with subsequent mortality.
Methods. We included treated HIV-infected adults from 2 large international HIV cohorts, who had viral suppression (≤500 HIV type 1 RNA copies/mL) for >3 years with CD4 count ≤200 cells/µL at start of the suppressed period. Logistic regression was used to identify risk factors for incomplete CD4 recovery (≤200 cells/µL) and Cox regression to identify associations with mortality.
Results. Of 5550 eligible individuals, 835 (15%) did not reach a CD4 count >200 cells/µL after 3 years of suppression. Increasing age, lower initial CD4 count, male heterosexual and injection drug use transmission, cART initiation after 1998, and longer time from initiation of cART to start of the virally suppressed period were risk factors for not achieving a CD4 count >200 cells/µL. Individuals with CD4 ≤200 cells/µL after 3 years of viral suppression had substantially increased mortality (adjusted hazard ratio, 2.60; 95% confidence interval, 1.86-3.61) compared with those who achieved CD4 count >200 cells/µL. The increased mortality was seen across different patient groups and for all causes of death.
Conclusions. Virally suppressed HIV-positive individuals on cART who do not achieve a CD4 count >200 cells/µL have substantially increased long-term mortality.
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The introduction of combination antiretroviral therapy (cART) has decreased morbidity and mortality in individuals infected with human immunodeficiency virus (HIV) due to viral suppression and CD4 cell recovery [1] [2] [3] . However, some individuals treated with cART achieve viral suppression but not CD4 cell recovery [4] [5] [6] . Several studies have shown that individuals with successful virological response to cART and incomplete CD4 recovery have increased mortality [4, 5, [7] [8] [9] . However, the only previous study exclusively examining long-term mortality in individuals started late on cART with sustained viral load (VL) suppression and low CD4 count is limited by small sample size [8] .
By combining data from 2 large international collaborations of HIV cohorts, the Antiretroviral Therapy Cohort Collaboration (ART-CC) and the Collaboration of Observational HIV Epidemiological Research Europe (COHERE), we examined risk factors for failure to achieve CD4 recovery among treated individuals who were virally suppressed for >3 years, and compared mortality rates after 3 years of viral suppression according to the CD4 cell count reached at the end of the virally suppressed period.
METHODS

Setting and Participants
The ART-CC (http://www.art-cohort-collaboration.org) is an international collaboration of 18 cohort studies of HIV type 1 (HIV-1)-positive individuals from Europe and North America that was established in 2000 to examine the prognosis of HIV-1-positive, treatment-naive individuals initiating cART [10] . CO-HERE (http://www.cohere.org) was established in 2005 and is an international collaboration of 35 cohorts from 29 European countries. The COHERE data were pooled within the EuroCoord network (www.eurocoord.net). Each collaboration focuses on scientific questions requiring large sample sizes, which the contributing cohorts cannot answer individually [11] .
Study Population and Design
We identified all HIV-1-positive individuals who (1) were >16 years old at start of the suppressed period; (2) were on cART continuously (defined in ART-CC as treatment with at least 3 drugs from 2 different classes and in COHERE as the concomitant use of at least 3 antiretroviral drugs) for at least 3 years; (3) after start of cART had a period with suppressed VL of at least 3 years (all VL ≤500 HIV-1 RNA copies/mL and never a time span of >7 months between VL measurements); and (4) had a CD4 cell count ≤200 cells/µL at the start of the virally suppressed period ( Figure 1 ). Individuals enrolled in >1 cohort were identified and only 1 record per individual was included. A VL cutoff of ≤500 copies/mL was chosen to overcome the heterogeneity of the assay detection limits used during the study period.
Statistical Analysis
Risk Factors for Failure to Achieve a CD4 Count >200 Cells/ µL After 3 Years of Viral Suppression We used logistic regression to identify risk factors for not achieving CD4 count >200 cells/µL after 3 years of sustained viral suppression. We assessed the effect of CD4 cell count at the start of the suppressed period as a categorical variable (0-25, 26-50, 51-100, 101-150, and 151-200 cells/µL). In a sensitivity analysis, we fit separate models for each of these CD4 strata. The following variables were included in all models: age at start of virally suppressed period (<30, 30-39, 40-49, ≥50 years), probable route of infection (men who have sex with men [MSM], male heterosexual sex, female heterosexual sex, injection drug use [IDU] , other/unknown [the number of male and female injection drug user and other/unknowns did not allow for further classification according to sex]), pre-cART VL (last VL available within 3 months before start of cART or first VL within a month after start of cART if the former was not available; VL <100 000 copies/mL, ≥100 000 copies/ mL, and missing), year of cART initiation (1996-1997, 1998-2000, 2001 onward), time from cART initiation to start of suppressed period (<12 months, ≥12 months), AIDS (no AIDS event, ≥1 AIDS event before start of the virally suppressed period). We tested for interactions between pairs of variables.
Risk Factors for Mortality After 3 Years of Viral Suppression
Person-years at risk were calculated from the date of the first CD4 count within 3 months after 3 years of viral suppression to the earlier of time of death, loss to follow-up, or end of observation. We estimated mortality rates and Kaplan-Meier plots according to CD4 count at the end of the 3-year virally suppressed period (≤200, 201-350, 351-500, or >500 cells/µL) and used Cox regression to estimate hazard ratios (HRs) for death according to these CD4 count groups. All analyses were adjusted for the covariates listed above (AIDS events in this analysis were up to the end of the virally suppressed period) and stratified by cohort. We used Cox regression to compare individuals with CD4 counts ≤200 cells/µL and >200 cells/µL at the end of the suppressed period within strata defined by age at start of virally suppressed period, route of infection, AIDS status, and CD4 at start of suppressed period. In sensitivity analyses, we used a cutoff value of 50 copies/mL to define viral suppression and included only study subjects reporting sexual route of transmission and no positive test for hepatitis C virus (HCV) coinfection (HCV was defined as a positive test for HCV RNA or a positive test for HCV immunoglobulin G antibody at any time during follow-up).
Analysis of Causes of Death COHERE does not collect data on causes of death, so these analyses were restricted to individuals included in ART-CC. Supplementary Data 1 describes how the causes of death data in this study were assigned and categorized. Causes of death were further categorized as AIDS defining, non-AIDS defining, unnatural (accident/violent/suicide/drug abuse), and unknown [12] . Non-AIDS causes of death were further divided into hepatitis, cancers, and other. Because analyses of different causes of death can pose the problem of competing risks, we estimated both subdistribution HRs (using the Fine and Gray approach) and standard (Cox) HRs (adjusted only for age and sex due to the small number of events) [13] . Because these estimates did not differ appreciably, we report only the estimates from Cox models. SPSS statistical software, version 15.0 (Norusis; SPSS Inc, Chicago, Illinois) and R software, version 2.8.1, were used for data analysis.
RESULTS
We identified 113 845 unique HIV-1-positive individuals from the COHERE and ART-CC cohorts, of whom 41 081 were treated with cART for <3 years, 50 495 did not have sustained viral suppression, and 368 had no available CD4 measurement at the start of the suppressed period. Of 21 901 individuals who achieved sustained viral suppression for ≥3 years, 16 193 had a CD4 count >200 cells/µL at start of the virally suppressed period and 158 had no available CD4 measurement at the end of the suppressed period, leaving 5550 individuals (20 291 (Table 1) .
Risk Factors for Failure to Achieve CD4 Count >200 Cells/µL
We found that risk of failure to achieve a CD4 count >200 cells/ µL increased with increasing age and with decreasing CD4 count at start of the virally suppressed period ( Table 2 ). Compared with MSM, men with heterosexual route of infection, injection drug users, and those with other or unknown transmission group had greater risk of incomplete CD4 recovery. Risk was also greater in those whose last viral load before start of cART was <100 000 copies/mL, those who initiated cART after 1998, and those who had 12 months or more from initiation of cART to start of the virally suppressed period. In models stratified on CD4 at start of the suppressed period, the impact of age and AIDS-defining illness on incomplete CD4 recovery appeared to be similar across CD4 strata (Supplementary Table 1 ). Patients infected via IDU had consistently higher risk of incomplete CD4 recovery than those infected via MSM transmission.
Time to Death From Any Cause
A total of 175 (3.2%) individuals died: 66 (7.9%) of those who did not attain a CD4 count >200 cells/µL and 109 (2.3%) of those who attained a CD4 count >200 cells/µL. Table 3 shows that individuals who did not attain a CD4 count >200 cells/ µL after 3 years of sustained viral suppression had substantially increased mortality compared with those who achieved a CD4 count >200 cells/µL (adjusted HR, 2.60 [95% CI, 1.86-3.61]). The cumulative probability of survival stratified by CD4 count is presented in Figure 2 . The estimated 5-year cumulative mortality (with 95% CIs) was 11. Table 3 shows that the impact on mortality of not achieving a CD4 count >200 cells/µL was most pronounced in individuals whose CD4 count at the start of the suppressed period was 151-200 cells/µL (those in whom the increase in CD4 since start of ART was lowest). However, estimated HRs within CD4 strata were estimated imprecisely, and their CIs overlapped. The impact of incomplete CD4 recovery appeared similar across strata defined by age, mode of transmission, viral load before start of cART, year of cART initiation, time from initiation of cART to start of the virally suppressed period, and AIDS-defining disease (Table 3) .
Mortality Hazard Ratios Stratified by Risk Factors
Sensitivity Analyses
Of 2692 individuals who were eligible when a cutoff of 50 copies/mL for viral suppression was used, 2253 (83.7%) achieved a CD4 count >200 cells/µL. Estimated effects of risk factors for not achieving a CD4 count >200 cells/µL were broadly similar to those in the main analyses, although there was less evidence of elevated risk among heterosexual men (adjusted odds ratio, 
DISCUSSION
Based on data combined from 2 large international HIV cohort collaborations, we found that among HIV-positive individuals with 3 years of viral suppression on cART, those with incomplete CD4 recovery (CD4 count ≤200 cells/µL) had markedly higher mortality rates than those who achieved a CD4 count >200 cells/µL. These higher rates were observed consistently across strata defined by age, sex, route of transmission, and prior AIDS-defining illness. Rates of both AIDS-and non-AIDS-defining causes of death were elevated. We identified older age, transmission via male heterosexual sex or IDU, lower CD4 count at start of the suppressed period, and longer time from initiation of cART to start of the virally suppressed period as risk factors for incomplete CD4 cell recovery.
Strengths and Weaknesses
Because 15% of treated HIV-positive individuals have a CD4 count <200 cells/µL after long-term viral suppression, prognosis of such patients is a major concern. By combining data from 2 collaborations of HIV cohort studies, we assembled a sufficiently large data set to permit us to examine both risk factors and prognosis for all-cause and cause-specific mortality among patients with incomplete CD4 recovery. The contributing cohort studies represent a wide variety of countries and settings, and our results are therefore likely to be generalizable to treated HIV-positive individuals in Western Europe and North America. Not all contributing cohorts link their data with national death registries, which may lead to an underestimation of mortality rates. However, estimates of relative mortality comparing different groups should not be biased, providing that nonascertained deaths are missing at random [14] . Serological tests for coinfection with HCV were not performed systematically in all cohorts; therefore, some coinfected individuals may have been misclassified. However, findings were similar in a sensitivity analysis excluding both injection drug users and HCV-coinfected individuals, and the impact of misclassification of HCV serostatus may have been limited because of its strong association with transmission via IDU, which was available from all cohorts. We did not have access to data on smoking, other comorbidity (eg, diagnosis of non-AIDS cancers) or non-cART medications (eg, cancer chemotherapy) and were therefore not able to adjust for such factors or assess whether they predict incomplete CD4 recovery. Our definition of CD4 recovery (CD4 count >200 cells/µL after 3 years of viral suppression following cART initiation) differs from other definitions of recovery: for example, National Institutes of Health guidelines defined an adequate response as an increase in CD4 count in the range of 50-150 cells/µL per year [15] . Our definition of CD4 recovery was based on 2 considerations. First, the increase in CD4 count over time since start of cART in virologically suppressed patients depends on baseline CD4 count [6] . Second, the risk of mortality is strongly related to current CD4 count [16, 17] .
Results in Context With Other Literature
Previous studies have identified age [8, 18, 19] and low baseline CD4 counts [4, 18, 20] as risk factors for incomplete CD4 cell recovery. However, 2 of these [16, 20] used designs that differed from ours in terms of inclusion criteria and length of the virally suppressed period. The effect of age observed in our study is consistent with its association with thymus size and activity and suggests that initiation of cART before immune incompetence occurs is especially important in older HIV-infected individuals [21] [22] [23] .
Most studies that examined clinical endpoints according to achieved CD4 count in virally suppressed patients used short periods of viral suppression or did not have inclusion criteria relating to baseline CD4 count [9, 17, 24] . These studies mainly estimated short-term effects of changes in CD4 count, rather than elucidating the long-term impact of sustained low CD4 cell counts in patients who are virally suppressed long-term. Two previous studies examined implications of incomplete CD4 recovery among patients with sustained viral suppression, and our findings are in accordance with their estimates. Loutfy et al observed a 2.69-fold (95% CI, 1.26-to 5.78-fold) increase in mortality comparing 176 patients with a CD4 count <200 cells/µL with 1545 patients with a CD4 count >200 cells/µL after 2 years of viral suppression [24] . That study had both a shorter duration of and less strict criteria for viral suppression as well as a much smaller and less generalizable sample. We previously reported the relative risk of death to be 3.4 (95% CI, 1.4-8.0) in a small study comparing 55 immunological nonresponders with 236 responders in the Danish HIV Cohort Study, using a design almost identical to that of the present study [8] . Data on causes of death were not available in either of these 2 studies. Although we observed increased mortality in all subgroups of individuals with poor CD4 recovery, the relative risk of death was greatest among individuals with baseline CD4 count between 151 and 200 cells/µL. These individuals are characterized by the lowest increase (or even a decrease) in CD4 counts during the 3-year period of virological suppression, a phenomenon that may be related to non-HIV comorbidity such as cancer.
Consistent with our results, previous studies have found incomplete CD4 recovery to be associated with an increased risk Other causes of death for patients with CD4 count ≤200 cells/µL were related to infection (2), cardiovascular disease (2), and digestive system disease (2). Other causes of death for patients with CD4 count >200 cells/µL were related to infection (5), lung diseases (2), cardiovascular diseases (9), digestive system diseases (2), central nervous system diseases (2), and renal diseases (1).
of non-AIDS cancer [25] [26] [27] . It is still a matter of debate whether low CD4 counts lead to non-AIDS-defining cancers or whether common risk factors lead to low CD4 count and non-AIDS-defining cancers. Higher rates of non-AIDS mortality among individuals with incomplete CD4 recovery may be related to chronic immune activation in virally suppressed individuals [28, 29] .
Implications and Conclusions
Our data underline the importance of early diagnosis of HIV and treatment with cART before patients have a low CD4 count. Although we have identified risk factors for poor CD4 recovery, no interventions to increase CD4 count in virally suppressed patients have been demonstrated to have beneficial effects on clinical endpoints and mortality. Previous studies have not consistently demonstrated differences between antiretroviral drug classes in effects on CD4 increases, and attempts to increase CD4 count with interleukin 2 were futile in terms of clinical benefit [30] [31] [32] . Virally suppressed patients with low CD4 counts should be monitored closely for diseases not conventionally considered to be HIV related, especially non-AIDSdefining cancers and liver diseases. Our study demonstrated an increased risk of non-AIDS causes of death in immunological nonresponders; further research is needed to elucidate the mechanisms that lead to persistently low CD4 counts despite viral suppression.
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